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ABSTRACT 


The  Jet  pump  is  a  device  that  compresses  lov-pressure  fluid  by 
means  of  a  high  energy  jet.  This  device  is  simple,  reliable  and  light 
weight,  and  is  attractive  for  various  uses  including  eventual  applica¬ 
tion  to  boundary  layer  control  for  aircraft. 

In  this  study  the  theoretical  flow  of  a  perfect  gas  through  con¬ 
stant  preasure  and  constant  area  jet  pumps  is  predicted  by  analyzing 
the  aquations  of  continuity,  energy  and  momentum.  Of  particular  in¬ 
terest  is  the  effect  of  heating  the  high  energy  jet.  The  parameters 
describing  optimum  heated  jet  pumps  are  determined.  The  ideal  pumps 
presented  herein  represent  upper  performance  limits  for  actual  devices. 

Also  included  la  a  complete  description  and  design  of  a  facility 
for  testing  heated  jet  pumps.  Specific  test  configurations  are  analyzed 
and  performance  curves  aro  illustrated.  These  curves  facilitate  eompari 
son  between  theory  end  experiment. 
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Table  of  Symbol*  (Coat'd) 


■at*  flow  ratio,  rfr\4/rha 

area  ratio,  A*/As 

ratio  of  apaelfie  haata,  cp/cy 

diffaranc*  or  ehanga  of 

affielancy 

danaity 

daflnad  valocity  function 
daflnad  valocity  function 
algnlfiaa  atagnatlon  atata 

algnlfiaa  atatlon  location,  nuabara  1  through  6 

algnlfiaa  tha  atata  at  which  tha  Mach  Number  la 
unity;  doaa  not  apply  to  M* 


1.  Introduction 


A  Jet  pump  is  a  device  designed  to  draw  •  given  mass  flow  of  fluid 
from  «  low-pressure  source  end  deliver  it  to  s  region  of  higher  pressure 
by  mssns  of  a  high  euergy  jet  of  air.  Basically,  this  analysis  vas  under 
taken  to  investigate  the  theoretical  operation  of  jet  ptaepe,  and  to  recom 
mend  a  test  facility  design  to  provide  for  the  comparison  of  theoretical 
and  experimental  data.  The  ultimate  objective  of  this  investigation  is 
the  eventual  application  of  jet  pumps  to  boundary^ayer  control  on  air* 
craft.  \ 

The  jet  pump  is  attractive  for  an  application  of  thli  nature  due  to 
its  reliability,  simplicity,  and  light  weight.  Alao,  tills  device  can  be 
readily  Incorporated  into  a  jet  aircraft's  power  plant  cycle.  For  cer¬ 
tain  conditions,  such  as  full-throttle  operation,  it  is  conceivable  that 
Che  mechanical  power  available  to  the  jet  pump  may  be  limited.  Hence, 
it  is  of  Interest  to  lnvestigete  if  the  mechanical  power  required  for  a 
given  application  can  be  reduced  by  heating  the  primary  jet  air. 

The  theoretical  analysis  of  ideal  jet  pump  performance  contained 
herein  considers  the  effect  of  this  heating.  Constant  area  and  constant 
pressure  mixing  processes  are  investigated.  In  all  cases  it  is  possible 
to  predict  "optimum  conditions"  for  specified  jet  puap  configurations. 
Since  all  losses  except  mixing  losses  are  neglected,  the  results  of  this 
study  represent  e  performance  limit  that  actual  jet  pumps  can  approach, 
but  never  exceed.  The  final  results  shown  in  Appendix  C  were  deter¬ 
mined  by  means  of  the  Control  Daea  Corporation  1604  digital  computer. 
This  theoretical  analysis  is  an  extension  of  the  work  initiated  by 


io  Reference  1. 

r«r  *»7  ttviy  to  b.  ccoplot.  It  1.  o.c.a.r,  t0  .„b.t.„tl.t.  the 
tt«r.tle.l  reoulto  b,  dot..  t,„,  f„t  . 

d““"  *"  *  J“  f“f  »•'  f*c<atf  i.  prooented,  u..„l  t,.t 

docility  cooflgor.tion.  . loo ,  .ith  th.lt  -t.rl.l  coot  c.ti..t.. 
included, 

“*  titor.  «,h  to  exprooo  tholt  opprecl.tloo  for  th.  ...i.t.ece 
**  dold^c.  provided  b,  Ptofoocot  Theodor.  4.  o,.!.,  „t  th,  „ 

»«.l  Poatgreduate  School.  Hectare,,  Collforolo. 
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2.  Theoretical  analysis 

Definition  of  performance  coefficients 
A  Jet  pump  must  be  able  to  produce  a  required  discharge  momentum. 
For  thla  output,  a  certain  amount  of  mechanical  power  and  heat  energy 
must  be  aupplled  to  the  Jet  air.  leferenee  1  expresses  the  power  and 
heat  inputs  and  discharge  momentum  as  dimensionless  coefficients.  The 
arbitrary  reference  dimensions  chosen  were  fov  ambient  air  at  sonic 
velocity  and  the  hypothetical  area,  A^,  necessary  to  pass  the  dis¬ 
charge  from  the  jet  pump  at  sonic  velocity, 
a.  Momentum  coefficient 

The  momentum  coefficient  is  defined  as  the  dimension¬ 
less  discharge  momentum. 


C„  * 


fo'  A*  0- 


(1) 


b.  Powrr  coefficient 

The  power  coefficient  la  defined  as  the  dimensionless 
power  aupplled  to  the  primary  air. 


c. 


i 


a,  A iVj 


a.  or 


-alL 


(2) 


where  i*  the  temperature  change  through  the 

compressor. 

Beat  coefficient 

The  heat  coefficient  is  defined  as  the  dimensionless 
heat  supplied  to  the  primary  air. 


Cm* 


€.*A*o.* 


(3) 


ft 


I 


where  XT^  ie  the  temperature  change  through  the  burner. 


Derived  coeffielenta 

It  ie  convenient  to  compare  the  mechanlcel  power  and  heat  energy 
to  some  eignificant  parameter  of  the  jet  pump  in  order  to  determine  the 
effectiveneea  of  any  design.  The  reference  peraaeter  chosen  was  the 
discharge  momentum  of  the  Jet  pump.  By  dividing  the  power  coefficient 
and  the  heat  coefficient  by  the  momentum  coefficient,  it  is  possible  to 
obtain  derived  power-momentum  and  heat-momentum  coefficients. 


faAaVi _ a£ 

PjAsVj  Vj 


(4) 


It  is  shown  in  Appendix  A  that  CM 


duced  to  the  following: 


(5) 

and  C*.  can  be  ra¬ 

te) 


where  %  is  the  mass  flow  ratio,  m,  / rr. t , 

Equation  (6)  shows  that  CM  depends  only  on  the  discharge  total 
pressure  ratio,  .  In  particular,  CM  is  Independent  of  the 
amcjnt  of  heat  supplied.  By  specifying  the  desired  output  pressure 
ratio,  ,  the  required  Cm  la  determined. 
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Cooaldar  tha  cat*  where  ftt/R0  ,  /|J#  aad  R,  /R# 

find.  Iquatlon  (7)  ahowa  that  undar  thaaa  condition*  and 
trill  ba  a  minimum  whan  tha  maae  flow  ratio,  *  ,  la  a  maximum.  It  la 
notad  that  equation  (7)  la  invariant  for  coth  tha  eonatant  praaaura  and 
conatant  araa  cases,  although  tha  marl  mob  value  of  %  may  diffar  in  tha 
two  eaaaa. 

i 

In  a  aanaa.  Cm  1*  *  aaaaura  of  tha  compressor  power  required  and 
C«m  la  •  measure  of  the  haat  energy  required.  Similarly,  CM  la  a 
measure  of  tha  demanded  discharge  momentum.  Any  improvement  la  dealgn 
and  performance  ahould  ba  reflected  by  a  deersaee  in  power  and/or  fuel 
requirement  a.  Therefore,  aa  may  be  aaan  from  Iquation  (7),  a  necessary 
and  sufficient  criterion  for  optimum  performance  ia  that  the  mass  flow 
ratio,  X  ,  be  a  maximum.  Henceforth,  an  optimum  pump  la  defined  as  one 
that  has  the  maximum  possible  X  for  specified  values  of  Rj/R©  , 

Itt /Tta  ,  and  R,  /R#  .  It  will  be  shown  later  that  under  these 
conditions  an  optimum  pump  corresponds  to  a  specific  area  ratio,  Ag./At  . 
Any  other  value  of  area  ratio  will  produce  less  than  tha  maximum  pos¬ 
sible  mass  flow  ratio. 


Efficiency 

Another  performance  parameter  of  sane  interest  la  the  mechanical 
efficiency  which  is,  of  course,  based  on  energy  considerations,  namely. 


Pinal  available  energy  flsentropic) 
Initial  aveileble  energy  (Xsentroplc) 


V* 


at 

mt  A  He 
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It  is  ahovn  in  Appendix  A  that  tha  abova  daflnitlon  la  raducibia  to  tha 
result: 


From  Iquation  (8),  rjM  ,  lika  tha  othar  performance  parameters, 
will  be  optimum  when  X  ia  a  maximum  for  apecified  conditions  of  pressure 
and  temperature  ratio. 

Conet ant  prasaura  development 

Thla  analysis  la  an  optimisation  of  the  performance  of  the  constant 
preaaure  heated  jet  pumps  which  were  described  in  deference  1.  A  typi¬ 
cal  constant  preaaure  mixing  jet  pump  la  ahovn  in  Figure  1  along  with 
the  associated  h-»  diagram.  The  bealc  development  of  the  constant 
pressure  case  is  from  Reference  2.  The  many  details  of  the  development 
are  contained  in  Appendix  A. 

Tha  usual  laentropic  relationships  were  used  to  solve  for  condi¬ 
tions  in  tha  primary  (jet)  system  and  in  tha  secondary  system  up  to  the 
mixing  tuba  antranca.  It  is  also  assumed  that  tha  specific  heats  remain 
constant. 

Tha  three  basic  aquations  that  have  to  ba  aatlafiad  for  constant 
pressure  mixing  (  f/A>  )  era  continuity,  energy,  and  momentum. 


Continuity) 

rflg,  +  m»  “ 

(9) 

Inargyt 

(10) 

Momentum! 

OV  rht)/4  -  *  (f»--pi>As 

12 


A 


<  * 

I 

i 


A 


H 


$ 


4 


« 


T 


<ll) 


It  It  noted  that  the  rasultant  pressure  forces  in  Equation  (11)  ere  sero 
when  the  velocity  in  the  primary  nonla  is  subsonic. 

The  equations  of  continuity,  energy,  and  momentum  can  be  expressed 
in  non-dimensional  terms.  This  development  is  shewn  in  Appendix  A. 


Continuity: 


Energy: 

+  *  =  (i  ♦  <U) 

Homan turn: 


-  ci  *  m4*  <w> 


vhare. 

By  fixing  Pti/Qto  ,  Ttl/%,  ,  /t*.  ,  and  M*  ,  it  is 

possible  to  obtain  an  explicit  solution  from  Equations  (12),  (13),  and 
(14)  since  there  remains  only  three  unknowns  t  ,  Tt*  /ita  >  end  A^/Aj  . 

Equations  (13)  and  (14)  are  solved  simultaneously  for  %  and 
"lt4  /if  0  .  By  eliminating  /lia  between  the  two  equations,  the 

following  quadratic  equation  in  %  is  obtained. 


Equation  (13)  can  be  solved  using  the  quadratic  formula 


v  m  -b±-Jbl  -4-ac 

to. 
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where 


a  •  Hf1  -  M*  4 
C  -  1  M*‘*  -  (  M»*  *  f/J 

Cine*  eh*  aua  flow  ratio,  a  ,  Bute  be  poiltiv*  n<  real,  ooa 
Halting  condition  la  that  b2*4&e  »0.  For  all  caaaa  investigated  thia 
condition  la  aatlafiad.  Other  Halting  condition*  ara  Mg'  *  10  and 
Mg*  *  10  ainca  tha  primary  and  aecondary  noxalea  ara  only  converging, 
not  converging-diverging.  Both  roota  of  Equation  (lb)  war*  determined. 

On*  of  thaaa  vaa  negative  and,  therefore,  vaa  dlacarded  u  aeaningleaa. 

Froa  tha  eolutlon  of  Equation  (13)  it  vaa  poaaibl*  to  dateraln* 

/lf#  froa  the  energy  Equation  (13)  and  A4  /Aj  froa  tha  continu¬ 
ity  Equation  (12).  A^/Ag  can  ba  aolvad  directly  froa  the  aaaa  flow 
ratio. 

lha  computer  waa  uaed  to  obtain  aolutlona  to  Equation*  (12),  (13), 
md  (U),  The  parameter*  *  Tt»  Ato  »  ft*  Mj? 

vara  varied  ayateaatlcally  to  obtain  fanlllea  of  conatant  preaaur*  puapa. 
Tha  optlaua  puap  froa  each  family  waa  datermlnad.  Appendix  C  contain* 
aolutlona  for  each  cpt.'aur  puap  for  the  condition*  apacifled. 

Conatant  Area  Development 

Thia  aaalyaia  la  an  lnvaatlgatlon  and  optialxctlon  of  the  ideal 
flow  of  a  perfect  gaa  through  a  conatant  area  jet  puap.  Figure  2  ahowa 
•  akateh  and  a  general  h-a  dlagraa  of  a  conatant  area  puap.  Thia  fig¬ 
ure  indicate*  tha  notation  to  ba  uaed  to  denote  atation  location*  through- 


it  thia  davelopoent. 


Much  u  before,  thie  analysis  Involvee  the  eolutloa  of  the  continu¬ 
ity,  energy,  end  momentum  equations.  These  equations  nay  be  written  in 
absolute  form  ee  follows: 

Continuity: 

rf\t  ♦  m,  ■  m4  (16) 

Energy: 

■  m4  H4  (17) 

Momentum: 

m4  %  -  -  rf)3  *  f zAt  +f,A3  -fAA+  U8) 

It  ia  shown  in  Appendix  A  thet  the  above  equations  can  be  non-dimension¬ 
al  iaed  to  yield  the  following  relationships: 

Continuity: 

0fM?>  =  4>MV  <»> 

Energy: 

y4(MD  mt)  <a» 

Momentum: 

•  (l  +  y)$-p(M?)  (21) 

where: 

-  (i  -  Sitr'f*1  m* 

V(M*>  -  (1  -  ♦«**) 

and  y  la  the  area  ratio,  A . 

the  development  of  Equations  (19),  (20)  and  (21)  is  from  Reference 
2.  A  similar  development  is  included  in  Reference  1.  However,  an  error 
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vu  found  la  Equation  (37)  of  Keferance  1  rendering  incorrect  solutions 
for  the  constant  arcs  csss  presented  therein. 

It  is  as  suns  d  that  the  parcaetors  P\i  /Ptc  ,  Itt/lte  »  end 
P**/P*o  are  given.  Values  of  the  secondary  velocity  ratio,  M  *  , 
are  systematically  chosen.  Once  M*  is  fixed  the  primary  velocity 
ratio,  M*  ,  can  be  determined  as  shown  in  Appendix  A.  The  remainder 
of  the  problem  resolves  into  a  solution  of  Equations  (19),  (20)  and  (21) 
for  the  unknowns  ,  y  and  *TU  /Tto  ;  end  satisfying  the  boundary 
condition  that  the  value  of  Pk+/Ro  so  obtained  must  equal  the  value 
originally  specified  for  Pw/P*o  . 

fines  the  resulting  relationships  are  transcendental,  it  is  neces¬ 
sary  to  solve  the  equations  by  iterative  procedures.  It  is  thereby 
possible  to  achieve  solutions  for  nuaerous  f sallies  of  constant  area 
heated  jet  pumps. 

The  routine  employed  to  solve  the  equations  is  to  choose  increment¬ 
al  values  for  .  Choosing  fixes  all  the  known  paraaeters  not 

previously  specified.  A  trlel  value  of  the  area  ratio,  y,  is  assuned. 

The  mass  flow  ratio  is  then  solved  by  the  relationship! 

%  *  rht /*),  *  y  SfwjJ  —  •  <22> 

Vow  it  is  possible  to  solve  for  the  discharge  total  teaperature  ratio, 

Tm  /Tto  ,  by  using  the  equation! 

This  procedure  det^ralnes  all  the  paraaeters  except  the  exit  velocity 
ratio,  Me*  .  Thu  final  equation  solved  is  a  quadratic  in  tans  of  M  * . 

16 
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(24) 


The  above  equation  givee  a  supersonic  and  a  aubaonie  solution  for  M4*  • 
For  thia  particular  analysis  (i.e.,  M*  and  and  constant  area 

mixing),  the  auperaonic  solution  for  ia  meaningless.  Thia  means  to 
say  that  cannot  be  auperaonic  for  a  constant  area  pump  When  the  In¬ 
let  velocity  ratloa,  M*  and  ,  are  Halted  to  one  or  leaa.  However, 
the  auperaonic  aolutlon  of  M*  may  be  of  intereat  if  M*  and/or  M* 
are  greater  than  one. 

The  preceding  procedure  glvea  a  aolutlon  to  the  equatlona;  however, 
it  la  alao  necessary  to  satisfy  the  boundary  conditions.  The  resulting 
exit  total  pressure  ratio,  Pt*/  ,  la  checked  against  the  desired 
discharge  total  pressure  ratio,  Pis  /Pto  .  If  these  quantities  are  not 
equal,  the  area  ratio  la  adjusted  in  order  to  achieve  the  necessary 
cooaltlons  at  the  end  of  the  mixing  section.  This  process  is  repeated 
to  determine  families  of  constant  area  jet  pumps. 

Figure  3  shows  the  performance  curves  for  two  families  of  constant 
area  pump*.  As  defined  previously,  the  optimum  pumps  are  those  which 
achieve  a  maximum  mass  flow  ratio  for  given  values  of  F^i/Pte  , 
Tlt/Tto  ,  and  Rts  /  fto  .  It  is  observed  that  optimum  conditions 
are  reached  in  two  different  ways  for  the  constant  area  case. 

Again  referring  to  Figure  3,  curve  A  passes  through  a  true  mathe¬ 
matical  maximum  in  the  sense  that  ^  "=»0  .  This  curve  shows  that  as 
M*  increases  the  mass  flow  ratio  increases  up  to  a  maximum  and  then 
decreases.  This  situation  will  be  referred  to  as  case  A  hereafter. 

Curve  B  shows  the  other  limiting  case  of  the  constant  area  system. 
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This  curve  increases  up  Co  a  point  of  marf^ua  tsass  flow  redo  and  a  imply 
caaaaa.  This  phenomena  ia  not  clearly  understood.  Conatant  araa  pump  a 
that  reach  optimum  condlclona  in  thla  manner  will  be  known  aa  euaa  B. 

The  computer  aolutiona  In  Appendix  C  contain  a  template  eat  of  opti¬ 
mum  conatant  araa  heated  Jat  pumpa  for  the  condltione  apeelfied.  The 
non-atarrad  optimum  pumpa  corraapond  to  caaa  A,  and  the  starred  pumps 
are  limited  in  a  autnner  illustrated  by  case  B.  These  results  vill  ba 

a 

discussed  fn  a  following  section. 


Discussion  of  Thsorstlcsl  Results 
One  significant  indication  of  tha  performance  of  a  jet  pump  is  the 
Mount  of  energy  that  must  be  supplied  to  produce  the  discherge  momentum 
demanded.  The  coefficient!  Cp*  and  C+t  are  simply  numbers  indicating 
tha  energy  supplied;  and  tha  coefficient  CM  is  a  measure  of  tha  dis¬ 
charge  momentum  required.  These  coefficients  show  the  affect  of  chang¬ 
ing  tha  parameters  ,  7u  /Tto  ,  and  P\*/Rx>  . 

figures  A  through  9  era  graphs  of  Cm  compared  to  Cqm  for  fami¬ 
lies  of  optimum  conatant  pressure  and  conatant  araa  jat  pumpa.  These 
graphs  art  basically  nape  formed  by  curves  of  conatant  supply  pressure 
and  temperature  ratioa.  One  of  tha  Mat  significant  results  illustrated 
by  theca  maps  ia  tha  trade-off  between  tha  heat  energy  and  compressor 
power  necessary  to  produce  *he  desired  CM  . 

for  example,  consider  figure  4.  If  the  supply  pressure  ratio  la 
fixed,  Cm  decreases  aa  tha  supply  temperature  ratio  increases.  This 
indicates  thst  tha  compressor  power  required  is  reduced  bg  heating  the 
trieui rv  sir.  Convsrscly,  for  a  constant  temperature  ratio,  C«m  ia 
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reduced  as  Pu/fto  is  increased.  For  the  highest  temperature  ratio 
sad  the  lowest  pressure  ratio,  the  compressor  power  is  minimal.  it 
is  slso  observed  that  the  greatest  Incremental  decrease  in  Cpm  occurs 
between  temperature  ratios  of  1  and  2  along  lines  of  constant  pressure. 

low  consider  the  sequence  of  Figures  4  through  6.  It  can  be  seen 
that  as  the  momentum  coefficient  demanded  is  increased,  the  maps  tend 
to  move  up  and  to  the  right.  This,  of  course,  corresponds  to  higher 
supply  energy  requirements.  Also,  it  is  noted  that  the  effect  of  heating 
is  greater  as  the  demand  on  the  pump  is  Increased. 

Figures  10  through  IS  srs  grsphs  of  maxima  mass  flow  ratio  versus 
M|^  .  These  maps  lllustrsts  the  performance  limitations  of  the  pumps. 

It  must  be  understood  that  ssch  point  on  a  map  represents  a  different 
pump.  Therefore,  any  one  curve  provides  an  array  of  ideal  design  pos¬ 
sibilities.  This  should  not  be  confused  with  the  performance  variation 
due  to  changing  operating  conditions  of  an  individual  pump. 

Kach  map  shows  that  as  Iti/lto  is  increased  along  lines  of  con¬ 
stant  Ptt/Pis  ,  the  maximum  mass  flow  ratio  increases.  This  Increase 
is  greatest  up  to  a  temperature  ratio  of  2.  Beyond  this  temperature 
ratio,  the  effect  of  heating  is  less  apparent. 

Figuree  13  through  15  are  performance  maps  for  optimum  constant 
area  pumps.  The  lines  of  constant  temperature  ratio  are  continuous; 
however,  there  are  points  of  discontinuity  in  the  slope  of  each  line. 

The  dashed  curve  connecting  these  points  divides  ssch  asp  into  two  dis¬ 
tinct  regions.  Tha  lower  left  ares  of  the  map  corresponds  to  a  flow 
limitation  as  shown  by  curvs  A  of  Figurs  3.  The  area  to  the  right  of 
the  dashed  curve  exhibits  s  flow  cut-off  similar  to  thst  illustrated  by 

case  B.  These  figures  slso  show  thst  tha  secondary  mass  flow  rate 
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(  mt  )  dtertuei  u  the  discharge  total  pressure  ratio  increases. 

Appendix  9  contains  the  solutions  of  the  computer  progress  for  the 
constant  area  and  constant  pressure  cases.  Each  line  of  data  represents 
the  parar.etors  defining  one  optima  poop.  Tl«  momentum  coefficient  is 
constant  for  each  page  of  data.  Area,  velocity,  and  temperature  ratios 
were  included  In  these  results  to  provide  additional  criteria  for  jet 
pomp  design.  The  results  shov  that  for  a  given  C#  and  Itt  /Tto  ,  the 
discharge  total  temperature  ratio  can  be  decreased  by  increasing  Ra /Pta  . 
this  fact  could  be  an  important  consideration  In  choosing  the  naterlal 
for  the  alxlng  tube  section. 

The  Important  effect  of  heating  the  primary  air  to  decrease  the 
cosipressor  power  required  has  been  shown.  It  mist  be  realised  that 
these  are  idealised  cases  that  represent  the  naxlnw  performance  attain¬ 
able.  Actual  jet  pumps  can  approach  but  never  exceed  these  limits. 

Fixed  Area-Variable  Discharge  Pressure 

The  final  theoretical  analysis  considered  is  to  investigate  the 
operating  characteristics  of  Jet  pumps  with  a  fixed  area  ratio  (  Ai/Ag  ). 
By  systematically  varying  the  supply  pressure  wJ  temperature  ratios,  it 
Is  possible  to  predict  the  envelope  of  operation  for  a  given  pump  config¬ 
uration.  These  predicted  values  are  again  based  on  Ideal  conditions; 

P 

therefore,  they  represent  the  maximum  performance  attainable. 

The  fundamental  objectives  of  chls  analysis  are;  first,  to  marry  the 
•  •  • 

previously  discussed  theory  to  an  actual  hardware  design;  second,  to 
determine  the  design  limiting  parameters  such  as  site,  available  com¬ 
pressor  power  and  naterlal  limitations;  and  finally,  to  predict  the  per¬ 
formance  curves  of  the  jet  pumps  designed. 
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The  theory  of  the  ideal  flow  through  e  fixed  area  pump  la  similar 
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t a  the  analyaia  diacuaaed  in  the  constant  area  section.  However,  by 
fixing  the  area  ratio  (  Ax/A j  >  and  allowing  to  vary  it  is  poa- 

eible  to  obtain  explicit  aolutions  for  the  equations  of  continuity, 
energy  and  momentum.  Appendix  C  contains  an  example  of  the  data  obtain¬ 
ed  from  the  computer  program  used  to  predict  each  pump's  performance. 

The  constant  area  system  is  selected  primarily  due  to  its  relative¬ 
ly  simple  mixing  section  design.  The  supply  temperature  ratios  are 
limited  to  three  or  less,  and  supply  pressures  are  investigated  up  to 
ratios  of  2.4.  Mixing  tube  diameters  of  four,  five,  and  six  Inches  are 
chosen.  This  choice  la  predicated  on  the  nominal  pipe  sizes  available. 
The  primary  jet  nozzles  are  designed  to  give  a  good  spread  of  area 
ratios  (  A»/Aj  ).  The  final  result  is  nine  different  jet  pump  con¬ 
figurations.  The  table  below  ehows  the  area  ratios  of  the  jet  pumps 
investigated. 
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Table  1.  Area  Ratios  Selected  For  Proposed  Design 

Figures  16  through  24  show  the  predicted  operating  maps  for  the  nine 
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fixed  area  pumps  eonaldarad.  These  carves  are  prepared  primarily  for  a 
^aick  comparison  of  theoretical  and  experimental  results.  Consider  tha 
pump  with  an  area  ratio  of  2.16,  shown  on  Figure  16.  Assume  that  Tet/lea 
-  1.0  ,  fci/P»d  -  1.6  and  the  back  pressure  ratio  (  ftf/fts  )  Is 
adjusted  to  1.2.  Interlng  the  nap  with  these  values  predicts  a  mass 
flow  ratio  of  1.07.  Row  if  the  primary  fluid  is  heated  to  "Tti  /Tt©  ■  3.0, 
it  can  be  seen  that  the  mass  flow  ratio  Increases  to  1.33.  This  is  an¬ 
other  exmaple  of  how  heating  favorably  influences  the  performance  of  a 
Jet  pump. 

It  must  be  clearly  understood  that  these  mass  flow  ratios  are  simply 
upper  performance  li'uits.  Actual  jet  pumps  will  not  reach  these  values 
due  to  friction  ari  secondary  mixing  effects. 

Theoretical  conclusions 

For  fixed  input  and  output  conditions,  all  perfomance  parameters 
wary  favorably 'with  an  increasing  mass  flow  rstlo. 

For  fixed  supply  and  demand  conditions,  there  is  one  and  only  one 
area  ratio,  A a/A*  ,  that  will  produce  the  maximum  possible  mass  flow 
ratio  and  hence  the  best  all  around  performance. 

■eating  tha  primary  air  decreases  the  compressor  power  required, 
i.e.,  there  la  a  trade-off  between  heat  and  power. 

The  optimum  pumps  are  idealised  cases  that  represent  the  maximum 
perfomance  attainable.  Aetual  jet  pumps  can  approach  but  never  ex¬ 
ceed  these  limits. 

The  ordinary  ideas  of  efficiency  are  not  necessarily  decisive  in 
the  application  of  this  device  to  boundary  layer  control. 
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3.  Jet  Pusp  Test  Facility  Design 

The  east  facility  proposed  for  studying  heated  jet  pus?  operation 

is  shown  in  Figure  25.  Basically,  it  consists  of  (1)  a  primary  flow 

* 

syatem  for  supplying  jet  air  at  a  desired  pressure  and  temperature;  (2) 
a  secondary  air  supply  systea;  (3)  a  set  of  interchangeable  converging 
Jet  nossles;  and  (4)  the  constant  area  nixing  tubes. 

The  test  apparatus  was  designed  to  be  e  fixed  installation  ex¬ 
hausted  to  the  atmosphere.  The  primary  putpwae  of  this  facility  is  to 
provide  fundamental  information  on  jet  pump  design  parameters,  and  to 
establish  correlation  between  experimental  and  theoretical  data. 

Fr inary  Air  Supply  System 

The  primary  flow  section  includes  the  compressed  air  supply  and 
fuel  supply  systems  and  the  combustion  chamber  assembly.  The  purpose 
of  the  primary  system  is  to  provide  heated  compressed  air  to  the  jet 
pomp. 

The  flow  of  compressed  air  to  the  jet  pump  is  controlled  by  means 
of  an  electrically  actuated  butterfly  valve.  It  may  assume  any  position 
between  fully  closed  and  fully  opened.  Thus,  this  valve  controls  the 
pressure  of  the  primary  fluid  downstream. 

After  passing  through  the  throttle  valve,  the  compressed  air  flows 
into  the  primary  system  plenum  chamber.  The  dimensions  of  this  reservoir 
are  arbitrary;  however,  the  chamber  must  be  large  enough  to  serve  as  a 
settling  tank. 

The  compressed  air  leaves  the  plenum  chamber  and  passes  through  a 
square-edged  orifice  installed  in  the  four  inch  mild  steel  exit  pipe. 
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This  orifice  measures  chs  flow  rata  of  tht  primary  sir,  .  The 
compressed  sir  is  then  directed  into  the  burner  assembly. 

The  burner  unit  is  e  sauli  csunuier  combustion  chamber  obtained  from 
an  auxiliary  gas  turbine  compressor  used  for  starting  jet  aircraft 
anginas.  The  foal  nosal*.  igniter  plugs  and  the  flane  tube  are  integral 
parts  of  the  burner  unit.  The  operating  range  inpoaed  on  the  jet  pump 
(i.e.,  ZA-  and  Tti/Tte  -3J3)  is  veil  within  the  capabilities  of 

tht  combustion  chamber. 

Fuel  is  supplied  to  the  burner  from  a  pressurised  fuel  tank.  The 
fuel  pressure  is  aaintalned  constant  by  means  of  a  pressurised  bottle 
of  inert  gas.  Fuel  flow  is  annually  controlled  by  a  needle  valve  in* 
stalled  in  the  fuel  supply  line.  This  valve  sets  the  fual/air  ratio  and 
is  the  primary  means  of  controlling  the  total  supply  temperature,  Tti  . 
The  ignition  systea  consists  siaqply  of  two  12  volt  storage  batteries 
connected  in  aeries  and  an  ignition  control  switch. 

After  the  primary  air  is  heated,  it  passes  through  a  17  inch  sec* 
tion  of  3  inch  stainless  steel  pipe.  This  pipe  section  is  inserted  in¬ 
to  the  secondary  air  plenum  chamber  and  provides  a  male  fitting  for  the 
primary  jst  nossle.  Total  supply  temperature  and  pressure  are  measured 
by  means  of  a  fixed  Hel-tanperature  probe.  These  two  values  combined 
with  the  flow  rate  are  the  parameters  of  prime  importance  in  the  prl- 
mary  supply  system. 

The  primary  air  then  passes  through  a  converging  nossle  and  is 
ejected  into  the  mixing  tube  section.  The  three  ict«.thangeable  oustles 
designed  are  shown  on  Figurss  26  through  28.  Thssa  stainless  stael  nos* 
slss  must  be  machined  with  close  dimensional  control  and  polished  to 
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a  mirror  finish.  They  art  Capa  red  to  ensure  uni  fora  flow  of  primary  and 
secondary  air  at  the  sizing  tuba  entrance.  A  lubricant,  such  as  "silver 
goop,"  should  be  applied  to  the  nozzle . threads  prior  to  Installation. 

This  material  prevents  "welding"  at  elevated  teaperatures. 

Secondary  Air  Syetea 

the  secondary  air  systea  sieply  provides  a  naans  to  Measure  the 
secondary  air  flow  rata,  rn*.  .  Basically,  it  consists  of  an  airtight 
plenum  chamber  and  tha  associated  piping  and  fittings  for  a  mass  flow 
determination. 

figure  29  shews  tha  proposed  secondary  air  plenua  chamber,  the 
reservoir  is  constructed  of  12  gage  sheet  steel.  Standard  flanges  are 
used  for  all  piping  connected  to  the  chamber.  Care  must  be  exercised 
during  fabrication  to  ensure  the  airtight  Integrity  of  the  plenua.  Any 
leaks  in  the  plenua  will  render  the  secondary  air  aass  flow  Measurement 
Inaccurate. 

The  alignment  of  the  primary  air  supply  duct  and  tha  nixing  tube 
section  is  important .  In  ordar  to  achieve  the  desired  results  it  la 
necessary  that  the  jet  nossle  and  nixing  tuba  canterlines  coincide. 

Mixing  tube 

The  length  of  the  Mixing  tube  oust  be  such  that  optima  nixing  is 
accomplished.  Three  tubes  are  available  with  diameters  of  four,  five, 
and  six  inches.  Each  tube  consists  of  four,  24  inch  pipe  sections  which 
provide  for  length  to  disaster  (L/D)  ratios  of  4.9  to  24.  L  is  the  length 
of  tha  arixing  tube  downstream  of  the  nozzle  exit. 

The  Maxima  wall  temperature  attainable  is  1100*7;  therefore,  a 
hast  resistant  alloy  is  advisable.  Type  304,  schedule  40  stainless 


steel  which  has  a  melting  range  of  2550-2650*?  and  a  acaling  tempera¬ 
ture  of  1330*?  was  selected  aa  a  suitable  material.  With  careful  at¬ 
tention  to  the  discharge  total  pressure  for  fixed  supply  pressure  and 
temperature  ratios,  it  would  be  possible  to  hold  the  temperature  in  the 
mixing  tube  low  enough  so  that  a  mild  steel  or  aluminum  could  be  used, 
this  is  considered  to  be  an  additional  experimental  burden  that  can  be 
alleviated  by  using  stainless  steel  throughout. 

One  of  the  simplifying  assumptions  was  to  neglect  wall  friction; 
therefore,  the  internal  surface  of  the  nixing  tube  is  to  be  polished 
to  a  smooth  surface  to  minimise  frictional  losses.  Consequently,  there 
should  be  closer  agreement  between  theory  end  experiment. 

By  taking  temperature  end  pressure  readings  along  ths  mixing  tube, 
it  is  possible  to  determine  uhera  optimum  nixing  is  achieved.  Any  addi¬ 
tional  length  will  only  cause  e  net  additional  lose  in  head  due  to  fric¬ 
tion.  Many  of  the  design  questions  concerning  optimum  length  of  the 
nixing  section  can  be  answered  only  by  experimentation  and  by  investl- 
gsrion  of  the  kinetics  of  the  nixing  *rocees  in  which  all  effects  are 
considered. 

As  shown  in  Figure  27  an  oversized  flange  connects  the  nixing  tube 
to  tho  secondary  air  planum  chamber.  Attached  to  this  flange  is  a  bell- 
mouth  aanulus  machined  from  hot  rolled  steel.  The  converging  secondary 
•oasis  is  formed  by  this  aanulus  sad  the  exterior  of  tho  primary  jot 
mosslo. 

Tho  throe  mixing  tubes  can  bo  interchanged  and  may  be  used  with  each 
•f  the  primary  nestles.  This  flexibility  provides  for  experimental  tests 
of  nine  different  jet  pump  configurations. 

Za  aa  actual  application,  e  diffuser  vould,  of  course,  be  used  at 
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the  end  of  the  mixing  cub*  to  bring  the  nixed  fluids  gradually  to  atmos¬ 
pheric  pressure.  For  tha  purposes  of  the  present  research,  separate  dif¬ 
fuser  s  were  not  designed  due  to  the  many  varying  operating  conditions  and 
physical  configurations. 

The  mixing  tube  is  supported  by  three  stanchions  siailar  to  the  one 
illustrated  in  Figure  30.  Each  stanchion  has  tvo  turnbuckles  which  allow 
alignment  .a  the  vertical  and  horlsontal  planes. 

The  handling  cart  shown  in  Figure  31  will  be  used  whenever  it  is 
necessary  to  change  the  aixlng  tubes.  Two  carts  of  this  design  would 
be  desirable  to  provide  the  versatility  prescribed  for  the  test  facility. 
The  carts  are  aade  almost  exclusively  of  aluminum  channel  and  angle  stock. 
The  maximum  design  load  is  1000  lbs. 

Instrumentation 

A  typical  24  inch  mixing  section  with  the  associated  Instrumenta¬ 
tion  is  shown  in  Figure  32 .  Each  section  contains  six  static  pressure 
taps.  These  taps  are  located  at  four  inch  intervals  along  the  entire 
mixing  tube.  81nce  the  assumption  is  made  that  a  constant  static  pres¬ 
sure  exists  across  each  cross  section,  the  static  pressure  is  measured 
only  at  the  mixing  tube  walls. 

Total  pressure  and  total  temperature  readings  are  to  be  taken  with 
a  Kiel- temperature  probe.  These  readings  can  be  taken  at  any  of  eight 
different  stations  along  tha  mixing  tube.  At  each  station  there  ere  two 
probe  fittings  which  permit  transverse  surveys  of  temperature  and  pres¬ 
sure  along  either  of  two  diameters. 

The  mounting  plates  shown  at  each  station  support  the  receiver  con¬ 
taining  the  Kiel -temperature  probe.  The  receiver  is  mechanically 
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controlled  remotely  by  a  transmitter.  This  transmitter  controls  the 
transverse  and  angular  movement  of  tha  proba. 

Whan  tha  proba  la  lujartad  in  ona  of  tha  proba  fittings,  tha  re- 
Mlnlng  holaa  era  plugged.  These  plugs  are  machined  to  be  flush  with 
tha  inside  valla  of  tha  nixing  tuba. 

A  butterfly  valve  la  installed  In  a  pipe  section  after  tha  aixlng 
tuba  to  regulate  tha  discharge  total  pressure.  A  second  Kiel-tenpera- 
tare  proba  is  available  to  be  installed  at  tha  and  of  tha  aixlng  tuba  to 
■ensure  this  pressure. 

This  test  facility  provides  tha  aeans  to  determine  tha  primary  and 
secondary  aass  flow  rates.  Zn  addition,  velocity  and  teaperature  pro* 
files  may  be  dateralned  along  the  length  of  the  mixing  tube,  thereby 
enabling  determination  of  an  optimum  aixlng  length. 

Mass  flow  aeasureaent 

It  has  been  shovn  that  one  of  the  most  important  performance  para* 
swtere  is  the  mss  flow  ratio,  rr .  Figure  33  shows  the  instal¬ 
lation  of  two  square-edged  orifices.  The  orifice  plates  for  the  primary 
and  ambient  air  supply  have  holes  of  2.5  and  3.75  inch  diaMter  respec¬ 
tively.  They  are  installed  in  slip-on,  butt  welded  flanges  which  have 
pressure  taps  ■eating  A3MK  specifications.  The  two  flange  taps  are 
connected  to  a  water  filled  manometer  board  where  the  pressure  differ¬ 
ence  is  measured.  The  gaga  pressure  ^  ,  and  temperature  , 

■met  be  measured  ahead  of  aeeh  orifice. 

AJXX  requirements  prescribe  a  minimum  straight  pipe  length  ahead 
of  and  behind  an  orifice  for  a  flow  rate  swasurement.  The  straight 
pipe  length  shovn  in  Figure  25  exceeds  the  minimus  requirements;  there¬ 
fore,  it  is  not  necessary  to  install  flow  straightners. 
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bfimei  3  contains  all  necessary  aquations  for  detemtaatloa  of 
the  flow  rates. 


Cost  estlaata  f 

the  coot  estlaate  la  baaed  on  the  following  assertions: 

«.  Wo  old  aaterial  will  be  used  except  the  burner  and  fuel 
supply  syatea,  pressure  and  temperature  gages,  and  nano* 
SMter  boards. 

b.  Meat  resistant  alloy  la  necessary  In  the  nixing  tube, 
e.  All  aachlnlng  and  fabrication  can  be  accomplished  b </ 
shop  personnel. 

d.  three  nossles  and  three  nixing  tubes  are  necessary  to 
check  a  range  of  configurations. 

Two  coat  estimates  are  provided: 

a.  Total  aaterial  cost  with 

reaote  electrical  control:  $5555.42 

b.  Total  aaterial  cost  with 

reaote  aachanlcal  control:  $4787.42 

The  total  aan-hour  labor  estlaata  is  362  hours. 

The  aaterial  cost  could  be  reduced  considerably  If  only  one  noxsle 
and  one  mixing  tube  were  used.  This  is  shown  in  the  following  estlaate: 

a.  Total  aaterial  cost  with 

reaote  electrical  control:  $3734.08 

b.  Total  aaterial  cost  with 

raaote  aachanlcal  control:  $2969.08 

A  alnlaua  cost  estlaate  is  provided  based  on  the  following  assump¬ 

tions: 

a.  One  nossla  and  one  mixing  tube  will  be  used. 

b.  The  alxing  tube  consists  of  two,  24  Inch  mixing  sections 
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iutiid  of  four 


a.  Bundling  carta  arc  not  required. 

d.  The  supply  temperature  ratio  la  reduced  to  T Z  O. 
therefore,  atainlaaa  ataal  could  ba  raplacad  by  slid 
ataal. 

a.  Manual  controla  ara  uaad  inataad  of  alactrleal. 

f.  Am  aueh  old  notarial  aa  poaaibla  will  ba  uaad  ouch  as 
plaatic  tubing,  wall  taps,  coppar  tubing,  eonsaetora, 
praaaura  pluga,  burner  and  fuel  supply  ayataa  praasura 
and  taaperature  gagas,  and  naaanatar  boards. 

g.  four  inch  pipa  will  ba  uaad  la  tha  nixing  tuba. 

The  total  nlniaun  notarial  coat  is  11601.50. 

Aa  ltanlsad  coat  aatlnata  is  contained  in  Appendix  B. 
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A.  gee  canendat Iona  for  further  study 

At  this  stage  of  the  investigation,  the  most  essential  require¬ 
ment  is  to  build  the  test  facility  described  in  this  report.  Zf  this 
is  not  feasible  at  the  present  ties  for  economic  or  other  reasons,  a 
further  theoretical  analysis  would  be  useful  to  study  the  effects  of 
wall  friction  end  incomplete  mixing.  These  analytical  studies  should 
also  include  the  effects  of  variable  specific  heats. 

A  further  reeassendstion  is  to  proceed  with  the  preliminary  design 
of  on  experimental  boundary  layer  control  system  utilising  such  a  heat* 
ed  jet  pump. 

It  also  mould  be  of  interest  to  investigate  the  performance  of  a 
heated  jet  pump  with  a  converging-dl verging  primary  nossle. 
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APPENDIX  A 


Detailed  Dev* I-  jr 
1.  Preliminary  relationship* 

The  preliminary  relationship*  #r'  almllar  to  those  o'  Reference 
1.  All  velocities  are  arbitrarily  expressed  in  terms  of  the  dimenaion- 
letj  velocity  ratio,  M*  .  This  r«tlo  la  obtained  by  dividing  the 
flow  velocity,  /,  by  the  reference  velocity,  2.*  ,  which  fa  the  apead 
of  aound  at  aonic  velocity.  The  Mach  number,  M,  la  equal  to  M*  at 
aonlc  velocity  and  In  all  caaee  CtM*a*M*  M*  is  also  proportional 
to  a  finite  <  at  all  absolute  temperature*. 

The  following  equations  are  used  throughout  the  development: 


a 
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4 


m  fz  A£  Vt 
e5Ai^i 
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Substituting  for  *nd  V4  , 

As  ,  e,  t**d: 
Afc  ft-  Mfof 


(A-5) 


Since  7^*7^  »  therefore  &*-  Ct*  ,  hence 

A$  „ 

Afc  "  P: s 

Substituting  for  (Pi/&k)/(ps/fiJ  in  (A-5)  and  noting  ptfc*  ftr 


A 


i.  -  (  ik _ y*'  i 

4  vT"  m4-  ;  m; 


Substituting  into  Equation  (A-2)for 

Ps  a/M/' 

f."  G." 

and  Aj/A*,  ,  the  result  is 
*  ~Pu  Mj* 

and  substituting  for  Mj# 


It  is  sssn  that  C*  is  a  function  only  of  the  required 
dischaige  total  pressure  i.atlo.  In  partleula  C*  !■ 
Independent  of  the  amount  of  heat  supplied.  By  specifying 
the  desired  output  pressure  ratio,  Rf / P«0  ,  the  required 
C*  is  determined, 
b.  Pover-aoacntue  coefficient 

The  ratio  of  the  povsr  coefficient  to  ehe  momentum  coeffi¬ 
cient  defines  the  power -momentum  coefficient. 


$JL  m  ft*  q<#Cf  All 

C„  ecAsVs*  &.** 

tjJ 

r  a  AMll. 

m  m,  ♦  mj  Q* 
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‘W 


A  £  9  J 


(A-6) 


aMc.  —  cP(Ttlc-TO 


A  Mt  =  cp  Tt. 


Substituting  for  aMj_  and  V*  la  (A-6),than  CPM  bocones 

c  .  t,T„ 

(  ♦  i  )  O-t  * 2.' 


•Iso 


23 


2  3JCfTt. 


0  *•<>.•  ‘  (yjeWfSf.i'M*  T<>*0 


(A-7) 


Thoroforo 


c. . 

(at  *i)V%  «.* 


(A-8) 


raarranglng  cad  substituting  in  (A-8)  for  TtjAr.  fro*  tho 
onsrgy  aquation  (A-31) 


C„  '&  (fV  ' 

!'(at)v-‘i  sl>i 


(A-9) 


c.  Haat-aoaantua  coafflelant 

Tha  ratio  of  tha  hast  coafflelant  to  tha  —an turn  coafflelant 
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defines  Che  heec -momentum  coefficient. 


C  -  -  fiMa  Qq*  cp  4Tb 

"  Cm  "  Pf  As  Vf z  a.*1 

IJT 


Cqm 


-JZLj-r- 

rhx  +  m3  Vs  af 


Com 


_ 111— 

(**  l) 


*  cP  (Hi 


Ai 


) 


Since  there  le  an  laentroplc  relationship  between  state  0 
and  lc  ,  then  df  becomes 


Following  a  similar  substitution  for  —  •*  in 

(A-7)  Com  becomes: 


flh 

r  m  1  t**  Pt*J  '  t;L 
Cw  Mi' 


(A- 10) 


Kearranglng  and  substituting  for  7t|/Tto  frora  the  energy 
actuation  (A-31) 

C*M  _  4=7  (M/) 

Jr.-TWJ  ~P^W  <A 


*11) 
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It  is  noted  that  the  following  equation  can  be  written  In¬ 


volving  C* m  and  CM  from  (A-9)  and  (A-ll). 


Conalder  the  ease  where  P«,  /F^#  ,  Tt|/Tu,  and  Rs/%,  are  fix¬ 
ed.  Thia  equation  ahowa  that  under  theae  eondltlona  and 
will  be  a  minimum  when  the  naan  flow  ratio,  X  ,  la  a  maxi¬ 

mum.  Alao,  it  if  noted  that  thia  aquation  la  Invariant  for  both 
the  con at ant  preaaure  nd  eonatant  area  eaaea,  although  the  maximum 
value  of  tC  may  differ  in  the  two  eaaea. 
d.  Ifficleney 

Another  performance  parameter  of  acme  lntereat  la  the  mech¬ 
anical  efficiency  which  ia,  of  couraa,  baaed  on  energy  coneldera- 
tlon,  namely. 


w  Final  available  energy  (Iaentroplc) 
7»"  *  Initial  available  energy  (Iaentroplc) 


y»  -  mg  (Ha --Ay)  _  Pg  AfVr  V^/Z^Z 

rn,  A  Ht  e,A^y,  •  CpAte 


1 _  Vs 

ft  A  3  VT  <1«*  Cp  &  TC 

fyAj  Vr  /y  af/tfj 


* 

-CpmQ.* 


‘  ft*  Vfr 
Cpm  a.*  a,* 


JL  IHl 

T  Tto 
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Substituting  for  CM  from  (A-8) 


*  -  -&Frrkm  M« 


M  1  }t=>  Tt° 

Substituting  for  Tts^to  from  ths  snergy  equttlon  (A-31). 


(■fef)  M  *4 

ffpO 


Sines,  pr  a  *  then 

m  <'  *  ‘  -(fc)¥ 

Substituting  for  into  (A- 13) 

Therefore: 


(A- 13) 


*.  _  1  '  v°«*/  [  ^  \ 

(  ^ 


(A- 14) 


This  equation  shows  thst  t7m  ,  like  the  other  performance 
parameters,  vill  be  optimum  when  %  is  e  maximum  for  specified  condi¬ 
tions  of  pressure  and  temperature. 

3.  Development  of  constant  pressure  jet  pump  theory 

An  explicit  solution  to  the  equations  of  continuity,  energy,  and 
momentum  is  possible  when  the  following  parameters  are  considered  fixed: 


P*s/fV» 


Tt./Tt, 


the  ratio  of  the  demanded  discharge  total  pressure  to 
the  ambient  pressure. 

the  ratio  of  the  primary  (jet)  total  pressure  to 
the  ambient  pressure. 

the  ratio  of  the  primary  (jet)  total  temperature  to 
the  salient  temperature. 

the  dimensionless  secondary  vjloclty. 
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The  uaual  laantroplc  ralationjhipa  era  uaad  to  aolva  for  eonditiona 
la  tha  prlaary  (Jot)  ay a tea  cad  in  the  aecondary  Jat  ayatea  up  to  the 
alxing  tuba  entrance. 

Tha  critical  value  of  M*  for  choking  of  tha  primary  nozzle  can  be 


Interallied  froa  tha  ieentropic  ralationahipa 


CA-13) 

U-H) 


For  aub-critical  flow,  M*  ■<  1.0  and  Mt  <■  ,  tha  priaary 

flow  la  unchoked  and  fi  .  M*a«  la  tha  critical  aecondary  velocity 
ratio  at  which  M,  bccaaaa  conic  for  aupply  preaaura  ratioa  leaa  1.89. 


Multiplying  fi/Pu  by  P«,/ -ft  froa  (A-15)  and  (A-16)  raaulta  In 


Solving  for  M,  froa  (A-17) 


Alao 

*■*-*-  [-**r 

gg  aw  gg 

At  critical  eonditiona,  ■  1,  Mt MUr  ,  and  fim  "ft. 

Zt  la  poaalbla  to  dataralna  tha  critical  Mx  aa  a  function  of  R./R, 
froa  (A-17) 
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i  -  Jhi-  Mjcr 

1  J4 1 


-nri 


T  i-rfi 

JLL  L - &_  (-Bi.)-7” 

r-i  y+i  \  R#/ 

/ 


(A-19) 


For  super-critlcd  flow,  Ms  «  1,  and  f>2  a*  v.  For 
■apply  pressure  ratio*,  R:/R»  ,  greater  than  1.89,  M «  -  1.0 
for  all  condition*.  Thl*  render*  the  concept  of  KAier  meenlnglo** 
and  *pt  ia  not  equal  to  -p*  ,  apeclflcally  *  p>*  . 


-ft  -  l-ffrK-fc-) 
-ft  *  f  l1- 


•Inca  Mt  ■  1,0, 


The  baalc  condition  for  con* tent  preaaure  nixing  1*: 


-ft  ”  W*  fft) 
-ft  -  f  '  Hft-  m:’ 


(A- 20) 


fV.  -  f>4 


(A-21) 


Therefore  _£t_ 


!r  ■  (-&)(•&) 


■Inca  Pt*  ■  Pt* 


fabatituting  the  laentrop^c  relationship*  for  and  Rs/R,# 

(  -pi  •  Ri  )  and  raising  to  the  1^1  power. 

[i--a“:]  ■  -a-"-'; 

lance  can  be  deteralned  froa. 


(A-22) 


Analysing  Cha  Equations  (A-18)  and  (A-22),  It  It  saen  that  M*  and 
Mg  ara  fixed  when  Ri/R,  ,  Rn/R,  and  M*  are  fixed.  TuAte  does 
not  appear  In  either  equation. 

The  three  basic  equations  that  have  to  be  satisfied  for  constant 
pressure  alxlng  (  fi  ■  )  are  continuity,  energy  and  nonentua. 


Continuity: 

m,  *  mg  (A- 23) 

energy: 

m4Ht  +  mjHj  *  rr^Hg  (A-2A) 

Haaantun: 


(m,+  mJVg  -  +  m,Va)  -  (p,-  f*) A3  (A-25) 


It  la  noted  that  the  resultant  pressure  forces  in  (A-25)  are 
aero  in  the  constant  pressure  case  when  bfj- 1  and  M 2+  ^zer  since  ~fzmfy 
Vhen  Mj  •  1  and  Mt»  M 2tr  then  ^s  .  The  continuity  equation 

(A -23)  can  be  rearranged  as  follows: 


Let  't  •  rri*/rf>, 

to. 


*  A  a 


-=4  -H 

11*  A  * 


P*  ~TI  wr.  a; 


(A- 26) 
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and  from  the  laentropie  relationship: 


fL  *  fl  _  JtL  M*  | 

7*  LJ  **L  .J 


.qfh- 


jS*  Bi  IS* 

“Hi  _  ,Pkl  JJ«£  .  T*» 

R,  a.  Tt4  A.  5, 

Tte  A#  *Ti* 


San- a, 


Jl_x_  Cii^hjC) 

*  T“  ¥  *  ( 1  - HH-  M  ’  3 

$  ■  (*f-  #*•*)*  ■  ft  ft)4 

Substituting  for  j*i//k  al  / °+  into  Equation  (A-26). 

Xe  will  ba  shown  from  the  energy  equation  (A-31)  that; 

£  u.  L+  * 

Substituting  for  *Tt»/T**  «  then  A4/A|  hr comet; 


(A-27) 
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Thlf  la  Cha  dimenaionleaa  form  of  the  cortlr.t  equation. 

Similarly  replacing  M4  by  M*  and  nctirg  thut  T«»Tta  and 

than; 


1 


Similarly  for  4fc/A|  replacing  M?  by  1 


from  the  maaa  flow  ratio  ^  ,  It  li  poaalbla  to  detarmina  A* 


and: 


Jg*«  X 
ms 


P*  4*.  a* 

A ’A,  a/M? 


JLlL 

1  +  1 


M21 


Mi 


Mr 


Conalder  the  energy  aquation,  (A-24). 


4  ms  c^"^4 


4.  *  ^4  "Tea 


The  nor -'meni Iona 1  font  of  energy  aquation  la 
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$ 

1 


(A-28) 


(A- 29) 

/A,. 


CA-30) 


U-31) 


Kow  con.ider  the  momentua  equation  (A-25).  Substituting  for  the 
velocities  and  rearranging 

Wj  +  rkiA-t  +.  (p,.  m  (1^*4. 

Dividing  both  aidoa  by  m*  A*  . 

Ut  1  A 

n »  iffi-L.ftii.4v., 

u  A*  w, 

0  can  b«  expressed  as  follows 


Dm 

Dm 

D. 


For  M,  a  1  and  M*,  *  mier  ,  ^  ;  therefore  D»  Q  . 

For  M**«  1  and  YAL*  >  Mj?«r  ,  fxtfi. 

Therefore: 


i1  -  $) [-£1]  *  0 
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this  aquation  eon  bo  eolved  by  using  th#  quadratic  formula 


ohara 


One#  %  li  dataminad,  than  /*T*o  can  ba  determined  frea  the  energy 
aquation  and  can  be  dataminad  from  the  continuity  aquation.  In 
addition,  it  ia  now  possible  to  datamina  tha  area  ratios  A*/A#,  Af/A» 
and  Ag/A|  . 


4.  Development  of  constant  area  theory: 

this  development  Ms  provided  by  Dr.  Cawain  in  Reference  2.  Basi¬ 
cally.  it  ia  a  process  to  non-disansionalise  tha  equations  of  continu¬ 
ity.  energy  and  acaantua.  These  equations  are  Initially  in  th*  follow¬ 
ing  fomi 

Continuity: 

rh*  e  rhj  *  rr>4  (4-34) 

Energy: 

m»H*  ♦  m,H,  -  m4  H4  (4-35) 

Moaentua: 

rf>4 V4  -  rhgVi  -  m4 V|  -  -  p*44  (4-36) 

S2 


► 


»ir*t,  consider  tha  continuity  <41-,  i3:  (,*.-34) .  I x pending  this 
aquation  givia  tha  ralatlonahip: 

♦  e»A,M;«;-  a,A*M4*a; 

It  *iat  b«  understood  that  A£*A>-A,  for  tha  coautant  area  easa. 

Tha  general  relationship  for  tha  ratio  of  ease  flov  rate  ta  tha 

area  la: 

rh/A  -  pV»  pa* M*  -  W.J7) 

Being  tha  laantroplc  relationship  for  tha  danalty  ratio  and  expanding 
fta*  yield*: 

K,m 

The  final  fora  of  K qua t Ion  (A-37)  la: 

-  k,  pt  (Tt7*  ( 1  -  m* 

Xt  la  convenient  to  daflna  a  Telocity  function  $(M*)  1 

*W)=-£m*  -  (i-fciM**)*'"' 

Solving  for  tha  aaaa  flov  rata  glvea: 


Let 


(A-3S) 


aubstltutlng  Kquetlon  (A- 38)  Into  Squation  U-34). 

k<  A»  pt*  cru)  t  k,  a,  q, -  k, AaR* 

It  can  ba  aaan  frt*  Figure  2  that  the  total  atate  condltloaa  at  atatloae 
1  and  3,  and  stations  0  and  2  are  equal,  the  preceding  equation  la 
aon-dlmenslonallted  *  ilvldlag  through  by  K,  A,  Pt.  CTt#)’ *  .  tuia 

rasulta  la  tha  final  non-dimensional  form  of  the  continuity  equation. 

S3 


1 


(A-39) 


+  <km;j «*■> 

Bit  energy  aquation  (A-35)  for  the  eontttnt  tret  jet  pump  can  be 
expanded  to  yield  the  relationship: 

. *  £|AjV»  A4V4  cf  1^4  (A-40) 

In  general,  the  tern  cen  be  expanded  into  the  font: 

end, 

e*  »*  -  JfiTrfrWy  ] 

Therefore t 

pVT,  .  K,Pt(Tt )*<*(«') 

lubetituting  thie  relationship  into  Equation  (A-40)  and  non-dimension- 
aliaing  in  the  sane  natmer  aa  before  reeulte  in  the  final  fora  of  the 
energy  equation , 

a  $w  *  QJzZ  .  a  .«j)  <pw)  «-*» 

The  specific  heat  at  eonetant  pressure  (  cr  )  is  aesuned  to  be  constant. 

tinelly,  considering  the  nonentua  equation  (assralng  steady,  frlc- 
tionlese  floe  end  the  velocities  are  uni  fora  at  stations  2,  3,  rad  4): 

“  mtvt  -  rfcjVj  «  -ptA*  ♦  p,  A,  -  p,A4  (A-36) 

•4 


U«rrtaSlnt  •*»  ■ub.tltutlng  for  m  and  A4 

e.V.*) 

««.u«  (?.ev*,u  «.  «*  “  “ 

vh«v* 


mi 


th«r*for«; 


-£* 

T* 

“lR  |t 

.  dtfln*  ‘f(^)  7 

ip(M')  •  | 

>*sHTi1, 

f  4-eV'-  Pt  if  (M*) 


<»-*» 


•inf  yi«W*  th«  •odwtua  «qtt*tlont 

tK.  «*->»  *-•  “•  "«*  —  11 

to  >•; 


(A-U) 


05 


And  fro*  the  energy  equation,  the  nixing  tube  discharge  teepo return 
retie  let 


*ft*  „  X  »  7t>/Tto 
Tt  o  It  *  i 


(*-*3) 


Dividing  Equation  (A-41)  by  Equation  (A-43)  reaulte  in  e  quadratic  re¬ 
lationship  in  terms  of  M4*  . 


4>W) .  ffi  ( 

WM/T  Vr*4  (  ^(M/)  j 


(A-46) 


where, 

<*>W)  M»# 

TTM?1’ 

Zt  can  be  shown  that  the  tight  side  of  Equation  (A-46)  must  be 
equal  to  or  lese  than  one-half.  Let, 


/W)  *  TTHjnr 


(A -47) 


Taking  thi  derivative  of  thle  function  with  respect  to  M4* . 

df(Mt)  r  1-M/* 

<W  (i+M/1)1  # 

getting  the  derivative  equal  to  aero  and  solving  for  M4  yields, 

M4U*  1 

Choosing  the  positive  root  and  substituting  into  Equation  (A-47)  gives 
the  maximum  value  of  the  function  j-  (M*) . 


/WU  -  Vi 
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Therefore; 


/CM/)*  !/z 

Thle  coed  1C  ion  la  e  Halt  lor  the  constant  aree  ease. 

Solutions  for  opt lama  constant  area  jet  puape  ere  contained  in 
Appendix  C.  An  Iterative  procedure  vae  used  to  satisfy  the  boundary 
condition  that  /Pto  auat  equal  Pts  /  .  This  vas  eceoapll sh¬ 

ed  by  varying  the  area  ratio  At  /A,  until  /  Pto  wee  equal  to 
the  specified  value  of  Hj/^0  •  It  is  emphasised  that  each  line  of 
the  computer  results  represents  the  optlaua  puap  of  a  family  of  constant 
area  Jet  puape. 


♦ 


f 


t 


•7 


AFPEHDDC  B 


Itemised  coat  estlnate 

Tha  following  pages  ahow  tha  itemised  coat  estimate  for  various 
Case  facility  configurations.  Tha  ninth ars  for  aach  ltea  up  to  item  22 
eorra spends  to  the  numbers  shown  on  Figures  26  through  34.  the  labor 

v 

estimate  was  aada  by  Hr.  Robert  Besel,  Laboratory  Supervisor  for  the 
Aeronautical  Engineering  Department. 

Material  estimates  were  solicited  from  numerous  companies,  the 
coda  used  for  denoting  the  company  la  as  follows: 


Coda 

Company 

MC 

KeMaster-Carr  Supply  Co. 

R 1 

Dueanmm  Metals  and  Supply  Co. 

RE 

Reliance  Steel  Co. 

ME 

Merlam  Instrument  Co. 

FA 

Pacific  Metals  Co. 

RT 

lyerson  Steal 

OC 

General  Controls  Corp. 

DSC 

United  Sensor  and  Control  Corp. 

the  total  cost  estimates  are  included  in  the  following  itemised 
coat  estimates. 
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mixing  tub*  vail  tap*  (DU) 


labor  tstlaate 


Drill  aad  tap  flanges  for  primary  system 
Inaeall  uii  flow  oriflea  plataa  and  flanges 
fabrication  of  notalaa 
fabrication  of  nixing  tuba  aactiona 
fabrication  of  bell-mouth  annulus 
fabrication  of  secondary  air  plenum 
Drill  aad  tap  flanges  for  secondary  system 
Znatall  butterfly  reive 
fabricate  Hiking  tubs  stanchions 
fabricate  handling  cart 

Assemble  complete  system  end  hook-up  Instrumentation 


Total  estimated  man  hours 


Man  Hours 


i 


APPENDS  C 


Ceatputer  teenies 

Hilt  appendix  cone sis*  ccnputer  solutions  for  a  aat  of  cptlsua 
constant  araa  zzi  cooat  ant  praaaura  haatad  jat  puapa  for  tha  condi - 
tiooa  apaeiflad.  Each  lino  of  data  represents  tha  paranatars  da  fin  lap 
oaa  optiaua  puap.  Tha  aosantua  eoaffieiant  la  eoeatast  for  aach  page 
of  data. 

Alio  included  la  a  aaopla  eonputar  progran  and  solutions  for  ooa 
jat  puap  with  a  flxad  aria  ratio,  Aj/A^  »  2.16,  and  flxad  supply 
conditions.  Each  line  rapraeanta  tha  thaoratleal  performance  for  tha 
condition!  apaeiflad. 

Tha  synbola  naad  in  tha  eonputar  prograaa  ara  aa  follows: 

PTSPO  *  tha  ratio  of  tha  dan  an  dad  dlacharga  total  praaaura 
to  tha  anbiant  praaaura. 

Pnlhi  •  praaaura  ratio,  station  (n)  to  (a). 

Tana  ■  tanparatura  ratio,  station  (n)  to  (■). 

AaJm  •  araa  ratio,  station  (n)  to  (a). 

(ACln  ■  velocity  ratio  (M*)  at  station  (n). 

TT5T0  -  ratio  of  tha  dlacharga  total  tanparatura  to  tha 
anblaat  tanparatura. 

WtU  •  naas  flow  ratio,  secondary  to  prlaary. 

0  •  Jf  ,  ratio  of  spaelfie  boats  ■  1.4. 

1  »  rho,  density. 
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Monterey,  California  93940 

it-  ABSTRACT 

The  Jet  pump  le  a  device  that  caapreaaea  lov-preaaure  fluid  by  Mans  of 
a  high  energy  jet.  This  device  is  simple,  reliable  and  light  weight,  and  le 
attractive  for  various  uses  including  eventual  application  to  boundary  layer 
control  for  aircraft. 

In  this  study  the  theoretical  flow  of  a  perfect  gas  through  constant 
pressure  and  constant  area  jet  pumps  la  predicted  by  analysing  the  equations 
of  continuity,  energy  and  momentum.  Of  particular  interest  la  the  effect  of 
heating  the  high  energy  jet.  The  parameter*  describing  optimum  heeted  jet 
pomps  are  determined.  The  ideal  pumpa  presented  herein  represent  upper  par* 
Sememes  limit*  for  actual  davlcaa. 

Also  Included  la  a  complete  description  and  design  of  a  facility  for 
tasting  heated  jet  pumps.  Specific  test  configurations  are  analysed,  and 
performance  curves  ara  illuatratad.  These  curves  facilitate  comparison  be¬ 
tween  theory  mad  experiment. 
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